Aims This study assessed changes in left ventricular ejection fraction and regional radial shortening after successful angioplasty of chronic coronary occlusions.
Introduction
Occluded coronary arteries are often found during diagnostic catheterization of patients with ischaemic heart disease and are functionally comparable to 90% coronary stenoses if well collateralized [1] . Percutaneous transluminal coronary angioplasty (PTCA) of chronic coronary occlusions can be performed with a success rate of 60-70%, but with a higher rate of restenosis than after angioplasty of non-occluded vessels [2] . Recently, we have shown an improved long-term angiographic and clinical outcome by additional stent implantation after angioplasty of chronic occlusions [3] . The currently accepted indication for recanalization of a chronic coronary occlusion is ischaemic symptoms or inducible ischaemia related to the occluded vessel. However, the 'open artery' concept that has been raised in recent years [4] [5] [6] suggests additional advantages by opening an occluded coronary artery in addition to myocardial salvage in the setting of an acute myocardial infarction. An open infarct-related artery has been associated with diminished ventricular dilatation [7] [8] [9] and improved electrical stability [10, 11] , and has been related to improved late survival even after adjustment for systolic left ventricular function [12] [13] [14] . The presence of viable, but ischaemic myocardium may act as a substrate for further ischaemic events unless it is revascularized [15] . There have been some reports describing late improvement in left ventricular function following revascularization of the infarct artery [16] [17] [18] [19] , but there are only a few small studies assessing changes in left ventricular function after successful recanalization of chronic coronary occlusions [20] [21] [22] [23] . The purpose of the current study was to investigate the effect of successful angioplasty of old chronic coronary occlusions on global and regional left ventricular systolic function in a patient population with a high rate of stent implantation and, thus, an increased likelihood of long-term vessel patency.
Methods

Patient material
Inclusion of patients took place between 2 March 1994 and 14 December 1995. During this time, 1682 PTCA procedures were performed, whereof 545 involved occluded arteries. Of 373 successfully recanlized chronic coronary occlusions, 133 patients were prospectively included in clinical studies with an angiographic followup. One of these studies was the SICCO study [3] in which patients were randomized to additional stenting or not after successful PTCA. The other study was a prospective follow-up of stented chronic coronary occlusions, applying the same inclusion criteria as the SICCO study, but with post-stent treatment using ticlopidine and aspirin only. Of the initial 133 patients evaluated 17 had occlusion of the left circumflex branch, 19 did not have stable sinus rhythm and/or ventriculograms of high quality, and two patients did not undergo follow-up angiography.
Thus, our study population consisted of 95 patients whereof 22 were female. The age ranged from 38 to 80 (mean 59). The duration of occlusion (estimated from available clinical and angiographic data, using the time of a sudden decrease in angina threshold in patients without a previous myocardial infarction) ranged from 0·5 to 67 months, with a mean value of 6·9 10 months and a median of 4·3 months. A duration of >6 months was found in 25%. Patients were required to have occlusions of at least 2 weeks' duration, a vessel diameter d2·5 mm, sinus rhythm without bundle branch block, and to have high quality baseline and follow-up left ventriculograms with at least one sinus beat before the sinus beat used for contour determination. Furthermore, patients with an occluded left circumflex branch were not included, as the free lateral wall of the left ventricle is not displayed in the single view right oblique projection used for ventriculography in this study [24] . Informed consent was obtained from study participants and the protocol was approved by the regional ethical committee. Clinical and angiographic characteristics of the 95 study patients are summarized in Tables 1-3 .
Coronary angiography and angioplasty
The indication for revascularization was angina or exercise-induced ischaemia related to the occluded artery, which was the left anterior descending in 40 patients and the right coronary artery in 55 patients. PTCA was performed as previously described [3] . Stents were implanted in 67 patients; of these 30 were anticoagulated with warfarin and heparin while 37 patients received an antiplatelet regimen with ticlopidine for 4 weeks. Coronary angiography was performed in Philips Digital Cardiac Imaging (DCI) laboratories (Philips, Eindhoven, The Netherlands) with quantitative coronary angiography (QCA) analysis on line or after digital transferral to a Philips Cardiac Work Station. The angiographic variables (minimal lumen diameter and percent diameter stenosis) were calculated as previously described [25] . Restenosis was defined as d50% diameter stenosis at either the scheduled 6-months' follow-up or at clinically indicated angiography before 6 months, and reocclusion as a follow-up minimal lumen diameter of zero with TIMI flow grade 0 or 1 [26] .
Left ventriculography
Angiograms of the left ventricle were obtained from the 30 right oblique position in a Philips DCI laboratory. A total of 35-45 ml of iopromid (Ultravist , Schering AG, Berlin, Germany) was injected at a rate of 12 ml . s 1 with a motor-driven injection pump (Medrad Mark V, Medrad Inc, Pittsburgh, PA, U.S.A.). End-diastolic and end-systolic frames were identified and the contours drawn using the automated edge-detection of the DCI system with minimal manual interaction. The global left ventricular ejection fraction was calculated with computer assistance using the area-length method [27] . Regional wall motion was expressed using the centre of gravity method [28] . In this method a mathematical centre of gravity is determined for the end-diastolic and endsystolic frames. The silhouette of the left ventricle is divided into five segments denoted (1) anterobasal, (2) anterolateral, (3) apical, (4) diaphragmatic, and (5) posterobasal. For points along the left ventricular outline the radial shortening is calculated as RS= (end-diastolic radius end-systolic radius/end-diastolic radius), where the radius is the distance from a contour point to the corresponding centre of gravity. The regional radial shortening is then expressed as the mean radial shortening in each of the five segments ( Fig. 1) . The occlusion-related regional radial shortening was defined as the mean regional radial shortening of the anterobasal, the anterolateral and the apical segments for left anterior descending occlusions and as the mean regional radial shortening in the diaphragmatic and posterobasal segments for right coronary artery occlusions.
Reference values and interobserver variability
To establish reference values for left ventricular ejection fraction and regional radial shortening in our laboratory, these variables were measured by two independent observers in 20 subjects without evidence of heart disease after cardiac catheterization. Hypokinesia in a region was defined as a value for regional radial shortening below mean 2 SD in the reference group.
To assess the variability also in pathological cases, 
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ventriculograms from 10 patients with regional wall motion abnormalities were analysed by the two independent observers. Thus, altogether 30 paired measurements were obtained. The paired differences were compared according to the method of Bland and Altman [29] . The inter-observer coefficient of variation was calculated as the ratio of the SD of the signed paired differences to the mean value of each paired measurement.
Statistical analysis
Continuous variables, given as mean ( SD) or median (range) was compared by the paired and unpaired t-test or the Kruskal-Wallis test. Categorical variables, given as counts (percentage) were assessed by Fisher's exact chi-square test, or by the McNemar chi-square test for paired variables. Linear multiple regression analysis of the dependent variables (changes in left ventricular ejection fraction and regional radial shortening) was performed using a forward selection procedure, entering into the model the variable with the largest partial F-test for each step. Statistical calculations were performed using the software packages of Systat (version 6.01 SPSS Inc., Chicago, IL, U.S.A) and StatXact, (version 3.01, Cytel Software Corp. Cambridge, MA, U.S.A.). All reported P values were two-tailed, and a P value c0·05 was considered statistically significant.
Results
Reference population and inter-observer variability
Left ventricular ejection fraction in individuals without cardiac disease was 0·77 0·06. Mean regional radial shortening and the lower normal limit (mean 2 SD) for the five different regions are given in Table 4 . The inter-observer coefficient of variation was 0·07 for the global left ventricular ejection fraction and was in the range of 0·16 to 0·20 for regional radial shortening.
Clinical outcome
Follow-up angiography and left ventriculography were performed 6·7 1·6 months after angioplasty. An open artery was found in 87 patients. Restenosis was present in 36 patients (38%), of these eight had reocclusion. One of the patients with reocclusion had an inferior acute myocardial infarction 8 days after the implantation of a stent in a recanlized right coronary artery. At follow-up there was a significant improvement in angina pectoris class compared to baseline (Table 2) . Before PTCA 83% of the patients were using beta-blockers and 55% nitrates. At follow-up the corresponding figures were 53% and 9%, respectively (P<0·001), whereas there was no significant change in the use of calcium antagonists, diuretics, ACE inhibitors, or digitalis (Table 3) .
Changes in left ventricular ejection fraction
The left ventricular ejection fraction for the whole cohort increased from 0·62 0·13 before PTCA to 0·67 0·12 at 6 months follow-up (P<0·001). As illustrated in Fig. 2 , this increase was found primarily in patients with an open artery (0·62 0·13 to 0·67 0·11, P<0·001), whereas the eight patients with reocclusion had no change in left ventricular ejection fraction (0·63 0·11 to 0·64 0·13, P=ns). An increase in left ventricular ejection fraction was found in 65 of the 95 patients. In 36 of the 95 patients the increase in left ventricular ejection fraction was greater than 1 SD of the variation in the normal population (0·059). A baseline value of left ventricular ejection fraction below 0·66 (mean SD for the reference population) was present in 51 patients. The change in left ventricular ejection fraction was significantly greater in patients with subnormal left ventricular ejection fraction than in patients with left ventricular ejection fraction within the normal range (0·07 0·07 vs 0·02 0·05, P<0·001). Among the 86 patients with a patent artery at follow-up, the change in left ventricular ejection fraction was independent of whether the artery had restenosed or not (0·044 0·055 and 0·05 0·065, respectively, P=0·6). Likewise, the increase in ejection fraction was similar whether or not the patient had suffered a myocardial infarction related to the occluded artery (0·047 0·065 and 0·041 0·053, respectively, P=0·6), or whether or not the patient had another vessel dilated in addition to the occlusion (0·079 0·071 and 0·04 0·058, respectively, P=0·13). Furthermore, as illustrated in Fig. 3 , there was no significant relationship between the duration of occlusion and the change in left ventricular ejection fraction (r=0·001). Patients with angina pectoris class (CCS) 0-2 before PTCA had the same increase in left ventricular ejection fraction (0·04 0·06) as those with CCS class >2 before intervention (0·05 0·06). In a multiple regression analysis using clinical and angiographic data as independent variables, only baseline left ventricular ejection fraction and reocclusion of the treated artery were significantly related to the change in left ventricular ejection fraction (Table 5) . However, the variation in these variables could only predict 28% of change of left ventricular ejection fraction.
Changes in regional wall motion Occlusions of the left anterior descending coronary artery
In patients with left anterior descending occlusion and a patent artery at follow-up there was hypokinesia in the anterobasal, anterolateral and apical segments in 46, 41 and 59% of patients. At follow-up there were fewer patients with hypokinesia of the anterolateral and apical regions (Fig. 4) . The left ventricular ejection fraction increased by 10% (from 0·60 0·14 to 0·66 0·11, P<0·001), and this was mainly due to a significant increase in regional radial shortening of the anterobasal, anterolateral and apical segments (Table 6 and Fig. 5 ).
The mean increase in regional radial shortening in the anterobasal, anterolateral and apical segments was 0·05 0·06 as compared to a mean change of 0·02 0·06 in the inferior regions (P=0·02).
Occlusions of the right coronary artery
In patients with right coronary artery occlusions and a patient artery at follow-up there was hypokinesia in the diaphragmatic and posterobasal regions in 34% and 48% of patients (Fig. 3) . At follow-up, there was a significant increase in the proportion of patients without a 
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hypokinetic posterobasal or apical segment. However, there was no significant reduction in the number of patients with a hypokinetic diaphragmatic segment. Left ventricular ejection fraction increased by 6% from 0·64 0·13 to 0·68 0·12 (P<0·001). There was a significant increase in regional radial shortening not only in the diaphragmatic and posterobasal regions, but in the apical region as well (Table 6 and Fig. 5 ).
Change in occlusion related wall motion
The occlusion-related regional radial shortening for the whole group increased by 14% from 0·279 0·106 at baseline to 0·319 0·107 at follow-up (P<0·001). This increase was evident only in patients with an open vessel at follow-up with a mean increase of 16% (0·049 0·062, P<0·001), whereas there was no significant change in the group with reocclusion. Multiple regression analysis using the change in occlusion-related regional radial shortening as the outcome variable was performed with available clinical and angiographic data as explanatory variables. There was a significant negative association with baseline occlusionrelated regional radial shortening, reocclusion of the recanalized artery, and previous myocardial infarction corresponding to the occluded vessel. Being a current smoker was, on the other hand, associated with an increase (Table 5 ).
Discussion
The concept of hibernating myocardium was introduced a decade ago by Braunwald and Rahimtoola [30] [31] [32] . The Table 6 Changes in global and regional wall motion in patients with a patent artery at follow up LAD occlusion n=37
RCA occlusion n=50
Baseline Follow-up Baseline Follow-up LVEF 0·60 0·14 0·66 0·11* 0·64 0·13 0·68 0·12* RRS-1 0·35 0·13 0·38 0·12* 0·40 0·12 0·39 0·10 RRS-2 0·28 0·12 0·34 0·13* 0·37 0·11 0·37 0·10 RRS-3 0·17 0·09 0·22 0·08* 0·21 0·07 0·25 0·07* RRS-4 0·37 0·15 0·39 0·12 0·31 0·13 0·36 0·15* RRS-5 0·31 0·10 0·33 0·09 0·27 0·11 0·30 0·09* LAD=left anterior descending coronary artery; LVEF=left ventricular ejection fraction; RCA=right coronary artery; RRS=regional radial shortening; 1=anterobasal region; 2= anterolateral region; 3=apical region; 4=diaphragmatic region; 5=posterobasal region. *P<0·05, paired t-test.
term describes persistent myocardial dysfunction at rest due to underperfusion, with subsequent improvement upon revascularization. Several methods have been described for the detection of viable myocardium including radionuclide techniques, positron emission tomography scanning, and low-dose dobutamine echocardiography [15, [31] [32] [33] [34] [35] . In the current study, we have demonstrated improved left ventricular ejection fraction and regional wall motion after successful recanalization of old, chronically occluded coronary arteries. The improvement occurred predominantly in regions supplied by the treated artery and was not present in patients with reocclusion. The improvement of systolic left ventricular function observed in the current study may thus be an expression of recovered hibernating myocardium. It is probable that inducible ischaemia or angina pectoris related to the occluded vessel in many patients may have been a marker for regions with hibernation.
Measurement variability
We found a mean left ventricular ejection fraction of 0·77 0·06 in 20 subjects without cardiac disease. Although this is a higher mean value than reported in some echocardiographic and radionuclide studies [36, 37] , it is comparable to other angiocardiographic materials [38] . Our values for regional segmental shortening is also in accordance with previous publications [39] . The inter-observer variability observed compares also to other studies [40] [41] [42] , although many of these have used linear regression analysis, which is less suitable for assessment of measurement variability than analysis of paired errors [29] . The centre of gravity model for regional wall motion is simplified, with only five regions.
Although there are other more sophisticated methods for estimation of wall motion, the current method is readily available in digital angiographic laboratories, and appears to have sufficient precision for serial assessment of wall motion in a clinically based study.
Previous investigations on left ventricular function after PTCA of chronic occlusions
The results of the present study are in accordance with previous smaller studies describing improvement in left ventricular function after successful recanalization of chronic coronary occlusions [20] [21] [22] [23] . The largest previous study is that of Danchin et al. who assessed ventriculograms before PTCA and at 6 months follow-up in 55 patients with recanalized chronic left anterior descending and right coronary artery occlusions [19] . They found a higher rate of reocclusion (45%) than in the present study. In accordance with our results, they found a significant increase in left ventricular ejection fraction only in patients without reocclusion at follow-up (0·55 0·14 before PTCA to 0·62 0·13 at follow-up). The mean duration of the occlusion in their study was 1·3 1·6 months as compared to 6·9 10 months in the current study, and their patients also had a more depressed left ventricular function at baseline. It is noteworthy that although there were more old chronic coronary occlusions in our study population, we were able to demonstrate a comparable increase in left ventricular ejection fraction. This may indicate that there is a potential for improvement in left ventricular function even long (months/years) after the occlusion of a coronary artery. The potential for improved left ventricular function after a successful recanalization should be taken into account when planning treatment strategies for patients with chronic coronary occlusions.
There have been several studies assessing the effect of late angioplasty after acute myocardial infarction, showing that dilatation of the infarct-related artery is associated with an improvement in left ventricular ejection fraction [16, 18, 43] and conversely, that reocclusion of the infarct artery causes a progressive deterioration of left ventricular function [9, 44] . Improvement of regional wall motion after revascularization has been shown to occur predominantly in regions with reduced perfusion but preserved metabolism [8] . Thus, the results of the present study are in concert with previous reports.
Study limitations
The reason for studying patients with left anterior descending or right coronary artery occlusions only was that the single plane right anterior oblique view does not visualize the circumflex territory. However, it seems reasonable to expect a similar effect on left ventricular function after successful revascularization of patients with occluded left circumflex arteries. The indication for 
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revascularization was angina and/or electrocardiographic ischaemia. In this study, using routine clinical methods, no additional efforts were made to detect hibernating myocardium before the angioplasty. Thus, although we did not especially select patients that might profit from revascularization with respect to left ventricular function, a significant improvement in left ventricular ejection fraction and regional radial shortening was found.
All patients in the current study had angina pectoris or a positive exercise stress test. However, many patients with chronic coronary occlusions have no evidence of myocardial ischaemia related to the occluded artery. Thus, the possible benefit in left ventricular function after PTCA of chronic coronary occlusions in ischaemic patients demonstrated in this study cannot be extrapolated to patients without evidence of ischaemia.
The follow-up ventriculography was performed prior to the coronary angiography, but the frame selection was generally done after the procedure. Thus, the operator was not blinded to the angiographic result. Furthermore, the left ventricular angiograms were analysed by different observers. Left ventricular function was assessed by single plane ventriculography and the relative wall movement without left ventricular volumes, which have been shown to be an important predictor for long-term outcome after acute myocardial infarction [45] . However, a geometric model for left ventricular volume based on a single view and calibration on diagnostic catheters might have increased the measurement variability. Furthermore, a computerized, semi-automatic procedure was employed for contour detection with an algorithm that required minimal manual interference. We therefore chose to investigate the patients with the relative wall motion changes only, using the data readily available from the DCI system for which we had an acceptable level of interobserver variation.
Clinical implications
Patients with long-term patency of a successfully recanalized chronic coronary occlusion will usually have some improvement in global and regional left ventricular function. This should be taken into consideration in clinical decision making and is yet another argument for the 'open artery' concept. The indication for angioplasty in patients with chronic coronary occlusions may in the future be expanded beyond symptomatic angina to include reduced left ventricular function in the presence of viable, ischaemic myocardium. This concept should be addressed in further clinical studies.
